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The world is moving forward to a transition in the form of increasing the 
contribution of renewable energy sources in the energy sector, and among 
these, solar photovoltaic-based power generation is catching pace. Several 
factors are responsible for the lowering of outputs due to different degradation 
causes such as hotspots, corrosion, humidity, ultraviolet (UV) irradiation, 
temperature effects, dust, aging, weathering, yellowing, snail trails, 
discoloration, junction box failure, delamination, cracks, and faults from the 
solar photovoltaic (PV) plants. This paper presents a comprehensive review 
of the various form of degradation and their implications on solar PV power 
plant performance. The review has been carried out considering the different 
degradation causes and their identification methods in solar PV plant. Further, 
the analysis has been done on the basis of the earlier studies to understand the 
rates of degradation for various solar PV power plants in various climatic 
conditions. The PV technologies used in solar power plants are also 
responsible for the change in the performance of power plants over time; 
therefore, degradation based on different solar PV cell technologies is also 
analyzed. The visual inspection tools like thermal imaging with IR cameras 
help identify areas with abnormal heat patterns, indicating potential issues like 
cell or interconnect failures, loose electrical connections, or bypass diode 
malfunctions while EL cameras are used to identify low-level electrical 
excitation and defects such as cracks, hotspots, and cell-level degradation. 
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1. INTRODUCTION 


The energy is the basic need for people worldwide to ease the work and improving the living comfort. 
In India, approximately 65% of electrical energy is produced by the thermal power plants which used the fossil 
fuel and similar figure is observed globally [1]. The whole of world is going to increase the harnessing of 
renewable energy sources like solar, wind, biomass, ocean thermal, and ocean waves. The solar is most 
prominent source at present because of the matured PV system technology [2]. 

India has approximately 748 GW potential of solar energy. The target of solar power generation during 
2022 has been achieved by 50 GW PV power generations, and it is possible due to the national solar mission 
program launched by the government of India [3]. With more solar photovoltaic (PV) systems being installed, 
it's more important to maintain the installed system's performance in order to achieve the maximum efficiency. 
Various failures and degradation have been found in installed solar PV systems such as hotspots, cracking 
cells, encapsulation degradation like yellowing, browning, delaminating, and discoloration [4]. 
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Karthikeyan ef al. [5] presented the main causes of degradation in which one of important is the 
moisture. It was observed that the moisture in glass entered due to low-quality polymer-based ethylene-vinyl 
acetate (EVA) and loss of adhesion of the encapsulation module. It was suggested to use high-quality EVA 
material that must be undergone through rigorous testing to meet industry standards. Additionally, 
manufacturers can use moisture-resistant back sheet materials and apply effective sealing techniques to prevent 
moisture penetration. 

Various degradation has been found in the solar PV plant, and such defects mostly depend on the PV 
module’s technology and climate conditions [6], [7]. It's worth noting that many of these causes are interrelated, 
and a combination of factors can contribute to the degradation of solar panels over time. Regular maintenance 
and inspection can help to identify and address any issues before they become serious problems These defects 
include hotspots, snail trails, corrosion frame adhesive degradation, potential induced degradation, EVA 
discolouration, encapsulation delamination, soiling loss, micro-cracks in cells, and light-induced degradation 
are commonly found and contribute to decreasing the performance of solar PV plants. The visual inspection 
method is widely used to find these defects in solar PV plants.The cities located in the northern region produce 
less electricity than those in the southern region, in particular [8]-[10] 

Encapsulation delamination can occur when the materials used to encapsulate the solar cells in a 
module break down or separate over time. This can lead to reduced performance and even failure of the module. 
Encapsulant darkening and an anti-reflective layer both contribute to a lower short circuit current in a PV 
module. Hotspots can’t be determined by an infrared camera [11]. Solar panels are exposed to temperature 
variations throughout the day, and this can cause the materials in the panels to expand and contract, leading to 
microcracks in the cells and modules. Cracks and hotspots can be found by the EL camera [12]. The 
implementation of Boltzmann annealing and a logarithmic temperature progression method determines the 
maximum cell temperature. Furthermore, quick annealing and logarithmic temperature updates show the 
maximum band gap. The quick annealing and linear temperature upgrade technique, on the other hand, 
improves the material band gap by about 96.7% [13]. Solar panels are designed to withstand exposure to UV 
radiation, but over time, this can cause the protective coatings on the panels to degrade, leading to reduced 
efficiency and power output. Humidity can lead to the corrosion of the metal parts in a solar panel, particularly 
if the panel has been installed in a humid climate. Climate variables such as temperature, UV radiation, and 
humidity increased the variation in degradation rate in the PV module [14]. Due to high temperature, the hot 
climate region has higher defects such as encapsulant discolouration and metallization corrosion [15]. 

EVA is a polymer used to encapsulate solar cells in some modules. Over time, exposure to sunlight 
and other environmental factors can cause the EVA to discolor and degrade, reducing the module's 
performance. Dust on the PV module in a hot and humid climate causes optical degradation such as 
encapsulation discolouration and delamination, which reduces the short circuit current [16], [17]. In a desert 
climate, temperature, ultraviolet radiation, and humidity lead to snail trails, burn marks, cracking, and bubbles 
in the PV module [18], [19]. Corrosion is the most damaging agent due to weathering factors such as moisture 
ingression, humidity, high temperatures in a hot climate, and a hot and humid climate. It contributes to the PV 
module's series resistance being at the forefront [20], [21]. Accelerated stress tests, such as thermal cycling, 
damp heat, and UV light exposure, can detect potential induced degradation. The potential-induced degradation 
(PID) effect in the PV module is caused by a high impedance, humidity, and UV radiation [22]. The simulation 
of solar PV systems using PV SYST software resulted in a 2.5% light-induced degradation (LID) per year due 
to optical degradation and high UV exposure [23]. The suggested study [24] uses an artificial neural network 
(ANN) approach to determine the outcome of PV under partial shadowing environmental conditions, 
as well as the maximum PV output system, and analyzes the PV system performance when based on different 
irradiance levels. 

The current research study provides a complete overview of various types of degradation and their 
consequence on solar PV plant performance. It is also presented the previous studies to better understand the 
degradation rate for various solar PV systems with climate conditions. The study is required for the case of 
India because the climate conditions are not similar in all regions of India. The article is also showing the 
various PV technologies and the degradation rate of their performance according the time, seasonal variation, 
high heating effect and other related parameters. The study can be used by the manufacturers, LCA analyst, 
and other bigger consumers of PV power plants. 


2. PHOTOVOLTAIC MODULE TECHNOLOGIES 

The photovoltaic technologies have been developed time to time and the dependence of it only the 
advancement of materials and the efficiency of the cell. The Figure | shows the various solar photovoltaic (PV) 
technologies globally available. The mono-crystalline, polycrystalline, and gallium arsenide solar cells made 
of crystalline silicon, whereas amorphous, cadmium indium selenium, copper indium gallium selenium is made 
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of non-crystalline silicon PV technologies that have lower efficiency than crystalline silicon solar cells. 
Another PV technology is polymer-based solar cells consisting of organic and dye-sensitized solar cells. These 
are subcategorized in to four major groups such as: crystalline solar cell, thin film solar cell, organic and dye 
sensitized solar cells and future cell technologies (like bifacial solar cells, floating solar cells, building 
integrated solar cells). 
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Figure 1. Types of solar PV technologies 


3. DEFECT IN PV CELL AND CAUSES OF DEGRADATION 
3.1. Various types of degradation defects in PV cell module 

A number of methodologies have been used to detect and assess the various degradation effects in 
solar PV cells. The review considers multiple causes of degradation, such as hotspots, corrosion, humidity, UV 
irradiation, temperature effects, dust, aging, weathering, yellowing, snail trails, discolouration, junction box 
failure, delamination, cracks, and faults which are shown in Figure 2. The degradation types is based on 
previous studies that have looked at degradation rates for solar PV power plants in different climate and other 
causes. The review also takes into account the impact of different PV technologies on the performance of solar 
power plants over time. 

The causes of the various degradations mentioned are varied and complex, and often involve multiple 
factors. Here are some brief explanations of some of the most common causes of each type of degradation. 

- Hotspots: hotspots can be caused by shading, cell defects, or poor electrical connections. When a solar cell 
is shaded or has a defect, it can become a "hotspot" where the current flowing through the cell is much 
higher than in the surrounding cells. This can lead to overheating and damage to the cell or module. 

- Snail trails: snail trails are caused by a combination of moisture and electrically conductive contaminants 
on the surface of solar cells. These contaminants can come from the manufacturing process or from the 
environment, and can cause corrosion and other types of damage to the cells. 

- Corrosion: corrosion can occur when moisture or other environmental factors cause the metal contacts in a 
solar cell or module to oxidize. This can lead to reduced performance and even failure of the module 
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- Frame adhesive degradation: Frame adhesive degradation can occur when the adhesive used to bond the 
glass, cells, and frame of a solar module breaks down over time. This can lead to delamination and other 
types of damage. 

- EVA discoloration: EVA is a polymer used to encapsulate solar cells in some modules. Over time, exposure 
to sunlight and other environmental factors can cause the EVA to discolor and degrade, reducing the 
module's performance. 

- Encapsulation delamination: encapsulation delamination can occur when the materials used to encapsulate 
the solar cells in a module break down or separate over time. This can lead to reduced performance and 
even failure of the module. 

- Soiling loss: soiling loss occurs when dirt, dust, or other contaminants accumulate on the surface of a solar 
module, reducing its performance. 

- Cell microcracks: microcracks can occur in solar cells due to stress or other factors during the 
manufacturing process or during installation. These cracks can lead to reduced performance and even 
failure of the module. 

- Potential induced degradation (PID): PID is caused by the buildup of a negative voltage between the solar 
cells and the frame of the module. This can cause a loss of power output and other types of damage. 

- Light-induced degradation (LID): LID occurs when the performance of a solar cell decreases rapidly 
a‘“Performance and degradation assessment of large-scale grid-connected solar photovoltaic power plant in 
tropical semi-arid environment of India fter it is first exposed to sunlight. It occurs because the silicon used 
in solar cells contains trace amounts of impurities such as boron and oxygen, which can interact with the 
light to create defects in the crystal lattice of the silicon. These defects act as recombination centers for the 
charge carriers in the cell, reducing the efficiency of the cell. 
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Figure 2. Types of degradation defects in PV module 


3.2. Causes of degradation defects in solar PV module 

There are several factors that can contribute to degradation defects in solar PV modules over time. To 
addressing these potential causes of degradation defects, solar PV module manufacturers can improve the 
lifespan and efficiency of their products. Exposure to the elements over time can cause damage to the module's 
components, such as the protective layer, which can lead to a decrease in performance. 

The optical degradation of PV module will be increasing due to hot and humid climate therefore 
encapsulation discolouration and delamination occurs, which reduces the short circuit current [17]. In a desert 
climate, temperature, ultraviolet radiation, and humidity lead to snail trails, burn marks, cracking, and bubbles 
in the PV module [18], [19]. Corrosion is the most damaging agent of weather parameters like moisture 
ingression, humidity, and high temperatures in a hot climate as well as in hot and humid climate. It contributes 
the PV module's series resistance [20], [21]. These induced degradations can be detected by accelerated stress 
tests, such as thermal cycling, damp heat, and UV light exposure. The causes of PID effect in the PV module 
is high impedance, humidity, and UV radiation [22]. Malvoni et al. [23] observed 2.5% LID per year due to 
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optical degradation and high UV exposure. It was found through simulated results in PVSYST software. 
Finding degradation defects in solar PV modules provides numerous advantages, including improved 
performance, cost savings, system longevity, safety compliance, warranty utilization, effective maintenance 
planning, and data-driven decision-making. 


3.3. Defects come due to climate change 

According to a recent article, the distinct climates worldwide have different forms of degradation in 
solar PV systems. It was found that the temperature, humidity, wind, and UV exposure are the most important 
factors which affect the rate of degradation. In hot and dry climates, such as deserts, PV modules may 
experience higher levels of degradation due to the extreme heat. The high temperatures can accelerate the 
chemical reactions that lead to degradation, as well as increase the thermal stress on the materials. This can 
result in a decrease in the efficiency of the PV module over time [24]-[26]. 

In humid regions with high levels of wind and dust, such as coastal areas, the accumulation of dust 
and debris on the surface of the PV module can also lead to degradation. The dust can reduce the amount of 
sunlight that reaches the cells, reducing the overall efficiency of the module. The Pollution rates vary from day 
to day and month to month; hence pollution cannot be considered constant throughout the year. The findings 
suggested that cleaning once every fifteen days is required to reduce losses associated with frequent cleaning 
due to water and manpower usage [27]. Under harsh environments, eight maximum power points were 
generated for eight sun intensities regardless of the location of the shadows. and it determines the root cause 
of PV string failures such as shadow effects or module flaws [28]. Overall, it is important to consider the 
specific climate conditions of a given region when designing and installing PV modules to ensure optimal 
performance and longevity. The Figure 3 shows the numerous types of climates seen in different locations. 

A prospective observational study on different climates in the world found that hot and dry climates 
have observed the PV panel degradation in the form of delamination, yellowing, and hotspots [26]. This study 
[29] found that the output energy of PV systems is affected by ambient temperature in tropical wet and dry 
climates. Encapsulant discolouration and delamination are the primary defects in hot and humid climates [30]. 
This subject has been extensively explored in the literature [31] that hot and dry climate zones have 
discolouration, whereas hot and humid climates have corrosion type of primary degradation effects. Authors 
have found a yellowing, browning, interconnect corrosion, and broad spread type of delamination degradation 
in tropical climates, whereas breakage and cracks in cells are found in semi-arid climate regions [4], [32]. 
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Figure 3. Different types of climates 


3.4. Defect found in PV technologies modules in various climatic regions 

Table 1 summarizes the types of degradations and their effect on solar PV modules and used 
methodology. A systematic approach of study expressed the degradation rate depends on both methodology 
and the technology of solar PV systems [33]. The results reveal that as the exposure period of dust over the 
panel increases, so do the short circuit current, open circuit voltage, maximum current, average power, cell 
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temperature, and efficiency [34]. The degradation effect on PV technologies presents that m-Si PV technology 
has a 0.27—0.50% degradation rate per year in semi-arid climate zone. A 20-year observation-based study was 
investigated that desert climate due to dust penetration, burn marks, cracking, bubbles, snail trails, and 
delamination have 1.75% degradation per year. The result of previous study [35] shows that thin-film PV 
technology has main issues such as glass breakage and absorber corrosion. In tropical climate locations, this 
technology degrades at the fastest rate of 6.1%. The study found that in tropical climate locations, the 
degradation rate of thin-film PV technology is the fastest and degradation rate is higher than in other climatic 
conditions, such as temperate or arid climates, which suggests that the use of thin-film PV technology in 
tropical areas may require more maintenance and monitoring [36]. Hot climate zone has primary degradation 
defects such as frame grounding corrosion, back sheet problems, and hotspots, and these defects show a 5% 
degradation rate per year [37]. 


Table 1. Comparison of degradation rate based on analysis period 


S. No Year Analysis period Degradation Rate per annum Effect due to PV References 
(Year) (%) Module technology/climate 
1 2016 20 1.5 Desert Climate 19 
2 2017 3.5, 1.48 m-Si/Mediterranean climate 38 
3 2017 4 6.10 Thin Film/tropical climate 36 
4 2018 1 2.72 Multi-Crystalline Silicon 39 
3) 2018 2.6 1.5 Amorphous and Microcrystalline 40 
technology 
6 2018 1.9 2.9 CdTe module 32 
7 2019 1 0.6-5 crystalline photovoltaic 33 
8 2020 4 0.27-0.50 mono-crystalline module/semi-arid climate 19 
9 2020 15 0.7 crystalline silicon [8] 
10 2020 30 0.04—-0.05 Mono-Si, Poly-Si, CdTe, and ClIS/arid 26 
climatic 
11 2022 12 0.95 Glass/polymer frameless modules/Hot-Dry 34 
Desert Climate. 
12 2021 7 0.27 Crystalline silicon/Hot and dry climate 20 
13 2021 10 0.5 Crystalline silicon module 35 
14 2021 1.4 1.18 Polycrystalline/Floating solar PV 36 
15 2020 - 3 Composite climate 28 
2 Moderate climate 
5 Hot and humid climate 


4. PROPOSED METHODS TO DETECT THE DEGRADATIONS IN PV MODULE 

There is a vast literature on methods available in studies to find the degradation in PV modules. The 
Visual inspection method is widely used to detect degradation. Visual inspection is a method of evaluating a 
component or system using the naked eye or with the help of magnifying glasses, bore-scopes, or other visual 
aids. It is a simple and cost-effective method of assessing the condition of a system or component. The average 
degradation rate of various PV technologies is presented in Figure 4. It is observed that the highest degradation 
was found for thin film PV cell by 6.10% and lowest degradation found in polycrystalline by 1.18% [21], [29], 
[41]-[43]. 

Many studies have been carried out regarding this subject as PV cell degradation and it is reviewed 
and evaluated that the highest number of studies presented the average or lower degradation rates but some 
5-6 studies were presented the highest degradation rate. It is clearly expressed in Figure 5 [44], [45]. Figure 6 
shows the tools to identify the degradation defects in PV system. The current-voltage (I-V) curve tracer, thermal 
image camera, electro-luminance camera, and PV analyzer kit are all required for this procedure [4], [26], [43], 
[46]-[48]. The equipment is required for these methods are described as: 


4.1. I-V curve testing 

I-V curve testing is a method of determining the current-voltage characteristics of a component or 
system. It is typically used to evaluate the performance of photovoltaic (PV) cells or modules. The equipment 
required for this method is an I-V curve tracer and a DC power supply. 


4.2. Thermography 

Thermography is a method of measuring the temperature of a component or system using infrared 
radiation. It is used to identify thermal anomalies, such as hot spots or cold spots, which can indicate potential 
problems. The equipment required for this method is an IR camera and a DC power supply. 
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Figure 5. Comparison between degradation rate and number of studies 
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Figure 6. Tools to identify degradation in PV system 


4.3. Electroluminescence 
Electroluminescence (EL) is a method of evaluating the condition of PV cells or modules by 


measuring the amount of light emitted when a voltage is applied to the cell. It is used to identify defects or 


damage to the cells or modules. The equipment required for this method is an EL camera and a DC 
power supply. 


4.4. Insulation testing 


Insulation testing is a method of evaluating the condition of insulation materials used in electrical 
systems or components. It is used to identify defects or damage to the insulation, which can cause electrical 
faults or safety hazards. The equipment required for this method is an insulation resistance tester. 
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4.5. Inspection of disconnection in interconnection of cells 

Inspection of disconnection in interconnection of cells is a method of evaluating the condition of the 
interconnection between PV cells or modules. It is used to identify defects or damage to the interconnection, 
which can cause a decrease in the efficiency of the PV system. The equipment required for this method is an 
interconnect breakage tester. 


4.6. Continuous checking of current and voltage generation 

Current, voltage, and continuity checking is a method of evaluating the electrical parameters of a 
system or component. It is used to identify faults or defects in the system or component. The equipment 
required for this method is an ammeter, voltmeter, or multi-meter [49]. A review of the literature conducted 
shows that PR values are higher in the winter than in the summer and found the 15.9% and 14.1% PV array 
losses for fixed and tracking PV system respectively [39]. 

In Figure 7, a-Si and pwc-Si technology uses a combination of amorphous and microcrystalline silicon 
layers to achieve high efficiency while also reducing the cost of production. The amorphous layer is used to 
absorb light while the microcrystalline layer provides better electrical conductivity. these two technologies 
have demonstrated superior performance due to their unique designs and are a promising option for the future 
of solar energy production. 

Ambient temperature and soiling effect decrease the PR by 0.7% and 0.03%, respectively, with an 
increase of | °C temperature [51]. The maximum power point of a solar cell varies during the day due to 
variations in sun energy and temperature [52]. The cold climate region has higher PR values due to lower 
temperatures than the hot climate region [42], [53]. Using PVSYST software to compare projected values, the 
influence of temperature on PV modules was discovered [21], [26], [29], [35], [38], [54]. The loads on the bus 
bars are chosen based on the house's electricity needs. Because the real power system has certain issues with 
power quality and overloading. The phase short circuit current is approximately 1.72 kA, and the peak short 
circuit current is approximately 3.28 kA [55]. The degradation rate is derived by examining the Nameplate 
value by electrical characteristics such as open-circuit voltage Voc, short-circuit current Isc, fill factor (FF), 
series resistance Rs, and shunt resistance Rsh, as proved experimentally [43]. The electrical properties such as 
Voc and Isc of CdTe-based PV technology decreased by 2.29% and 2.86% after 23 months of environmental 
exposure [41]. The Siemens PSSE software simulation result demonstrated that when large PV plants generate 
power for the grid, the system is susceptible to the stability issue. It was discovered that a larger PV generator 
causes the system to become unstable at its maximum capacity [56]. The series resistance of a PV module is 
frequently increased due to corrosion-type degradation [21]. The various software tools available and popularly 
used for solar PV system design and simulation are listed in Figure 8. 

The various energy prediction models have been developed and used to find the level/levels of 
degradation and losses using PVSYST, SolarGIS, PVWATT, and MATLAB software. The highest energy loss, 
14.4%, has been predicted due to temperature using PVSYST software by comparing the measured value of 
PR [57]. Light-induced degradation of 2.5% was investigated using PVSYST software. Environmental factors 
like ambient temperature, solar irradiance, and ohmic losses were predicted to analyze the output energy 
through PVSYST, PVWATT, and PVGIS simulation software [42]. By examining the P-V and I-V properties 
of outdated PV modules with MATLAB software, almost 90% of the power may be recycled [58]. The effect 
of ambient temperature on the PV system's power output is evaluated using MATLAB software. It’s decreased 
with an increase in the ambient temperature [59]. Artificial rabbit optimization exceeds all other algorithms in 
conventional testing applications but in partially shaded situations, the most valuable player (MVP) algorithm 
surpasses all others in terms of efficiency and tracking speed [60], [61]. 
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Figure 7. Performance ratio comparison of different technologies in literature [50] 
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Figure 8. Various solar PV design and simulation software 


Sophisticated laboratory tools, electron microscopy, solar simulator, and accelerated stress tests have 
been used to find the degradation defects such as grounding wire corrosion, mechanical stress, back sheet 
peeling, Microcracks, hotspot, and moisture-induced degradation [37], [62]. The result of these studies shows 
that micro-cracks lead to a power loss of 0.9 to 42.8% and also increase the cell temperature up to 7.6 °C [63]. 
In laboratories, accelerated stress tests such as moist heat, thermal cycling, UV light exposure, and hail testing 
were performed to determine the effect of environmental elements like temperature, UV radiation, and 
humidity [22]. 

Degradation rate can be found by various statistical methods such as linear least squares regression 
(LLS), classical seasonal decomposition (CSD), the holt-winters seasonal model (HW), and the seasonal and 
trend decomposition using loess (STL) [23]. The study, which was based on numerous elements such as 
voltage, current, and output power under various weather conditions, was carried out using the MATLAB 
Simulink tool [64]. The linear square fitting method is widely used to find the degradation rate. The most 
common machine learning algorithm, such as linear regression, sequential minimal optimization regression, 
and random forest estimates, has been used to forecast the degradation rate in amorphous silicon (a-Si) PV 
technology [18], [42], [57], [65], [66]. 

In Figure 9 is described the different method to find the degradation rate and its effect in PV systems. 
It is expressed that a preferred approach for the developed diagnostic methods is machine learning algorithms, 
which suggests that there is a growing trend towards utilizing artificial intelligence for failure diagnosis. 
Another commonly used approach for failure diagnosis is power loss analysis. Figure 10 expressed the various 
methods to find degradations rate and effect. 
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Figure 9. Comparison of various methods of degradation finding [49] 
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PV simulation software PVSYST, PVSoL, PVwatt, Homer, Helioscope etc. 


Sophisticated Laboraotry tools 


Linear regression method for power values 
Linear least squre fitting method 
Various models and formulas Physical models like temperature model, IR model 
Module degradation formulas 
ANN based models like KPI 


Figure 10. Various methods to find degradations rate and effect 


The Table 2 [67]-[100] (see Appendix) presented the rigorous review of the PV module degradation 
according to various finding. Analyzing the PV module's electrical characteristics can be used to calculate the 
degradation rate. After 4 years of analysis, the degradation rate of 2% was observed by studying PV modules’ 
series and shunt resistance using a single solar cell model developed by MATLAB software [101]. Another 
study conducted in northern India presents that light-induced degradation has 2.5% losses per year [102]. 
According to this study [26], heterojunction technology (HIT) PV technology has the lowest degradation rate, 
whereas polycrystalline (pc-Si), Cadmium telluride (CdTe), copper indium gallium selenide (CIGS), and 
amorphous silicon (a-Si) have the highest degradation rate in a hot climate. 

Degradation refers to a reduction in the performance or quality of a material or system over time due 
to various factors such as wear and tear, aging, corrosion, or other environmental factors. The effect of 
degradation can vary depending on the type and severity of the degradation, but it can ultimately lead to a loss 
of functionality or even failure of the material or system. To analyze the degradation and its effect, different 
methodologies can be used depending on the type of degradation and the material or system being analyzed. 


5. RESULTS AND DISCUSSION 

The aim of this study was to focus on the effect of degradation on various climate regions, degradation 
detection and analysis methods, various simulation software used, comparison of degradation rate based on 
analysis period, different methods to find the degradation rate, and cause of various degradation defects in solar 
plants. Various methods have been used to find the degradation rate, such as visual inspection, electrical 
parameter analysis and comparison, performance analysis, and various statistical methods like linear least 
square method fitting method, CLR, CSD, and ARIMA LOESS. But visual inspection method was widely used 
in most studies. In this method, IR camera, Electroluminescence camera, PV analyzer, and I-V curve tracer 
have been used to detect the degradation in PV modules. Various sophisticated laboratory tools such as electron 
microscopy, PV analyzer, sun simulator, and accelerated stress test has been used to find the various 
degradation defects in installed solar PV module. Performance ratio analysis is one of the most important 
methods to find solar PV plant efficiency and degradation effect during their lifetime. 
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Based on a thorough analysis of the literature, it is clear that there has been a significant increase in 
the installation of PV plants in various geographical regions. Variations in degradation rate depend on the PV 
technologies and climate regions. We need to be more aware in hot climate zone installed plants due to the 
higher degradation rate observed by various studies. Dust, burn marks, cracking, bubbles, snail trails 
delamination, and hotspots degradation defects were mostly found due to higher temperatures and high 
ultraviolet exposure regions such as dessert and hot climates. Cause of various degradation such as hotspots, 
snail trails, corrosion, frame adhesive degradation, Potential induced degradation, EVA discolouration, 
encapsulation delamination, soiling loss, cell microcracks, light-induced degradation has been discovered. 

EL imaging can accurately detect numerous failures and aging effects in solar modules in a very short 
time. For example, it can detect cracks, broken cells, and shunts in crystalline silicon solar cells, as well as 
delamination and corrosion in thin-film solar cells. It can also detect hot spots, which are areas of localized 
heating that can reduce the performance and lifespan of a solar module. 

EL imaging is a valuable tool for ensuring the quality and reliability of solar modules, and it is 
becoming increasingly important as the demand for solar energy continues to grow. IR thermography is a non- 
destructive method used to detect temperature anomalies in PV modules, which can be an indication of 
potential issues. I-V characterization measures the electrical output of the PV modules under different 
conditions, such as different levels of irradiance and temperature. Insulation resistance testing is used to 
identify any potential issues with the wiring and connections. 


6. CONCLUSION AND FUTURE RESEARCH SCOPE 

Understanding the plant layout, operation, and maintenance information is important to identify 
potential issues that may affect the plant's performance. This includes information on the cleaning method and 
frequency, corrective maintenance, and replacement of components. Visual inspections of the plant can identify 
any physical damage, such as cracks or hotspots, that may affect performance. 

The study may involve analyzing data on solar energy production, weather patterns, and 
environmental conditions to determine how these factors contribute to degradation. Additionally, the study 
may explore various techniques for detecting and diagnosing degradation issues, such as visual inspections, 
performance monitoring, and machine learning algorithms. The goal of the study is likely to improve our 
understanding of how degradation affects solar energy systems and inform the development of strategies to 
mitigate degradation and improve the performance and reliability of solar power plants. 

Studies have shown that different PV technologies have varying degradation rates in hot climates, 
with some technologies performing better than others. For example, thin-film PV modules have been observed 
to have a lower degradation rate in hot climates compared to crystalline silicon modules. This is because thin- 
film modules have a higher temperature coefficient, which means that their performance is less affected by 
high temperatures. the degradation rate of PV plants in India can vary depending on the climate region where 
they are located. Arid regions tend to have a higher degradation rate compared to tropical and coastal regions. 
However, it is important to note that the degradation rate can also depend on other factors such as the type of 
PV technology used and the maintenance practices followed. 

To be precise, defect detection approaches and algorithms that have the following capabilities must 
be developed: i) Capability of detecting many defects without disrupting electricity production; ii) The ability 
to identify and locate faults; and iii) Cost-effective and adaptable, allowing for compatibility with current PV 
systems. In addition to the impact of climate on PV technologies, it is also important to consider the 
maintenance and cleaning of PV plants in hot climates. Dust accumulation on PV modules can significantly 
reduce their efficiency, and regular cleaning is necessary to ensure optimal performance. 


APPENDIX 
Table 2. Types of degradation and their effect and analyzing methodology 
Authors Year Types of degradation and effects The method used for degradation analysis 
Carigiet et al. [67] 2021 For the Multi crystalline technology module, Applied the linear regression in power values to 
a 0.6% degradation difference was found in find the degradation. 
outdoor and indoor measurements in 8 years. 

Aboagye et al. [68] 2021 Power degradation rate 0.8% per year found. _I-V curve tracing and degradation rate were found 
by comparing the measured value to the nameplate 
value. 

Clavijo-Blanco et al. 2021 Browning, yellowing, back sheet scratches, Visual inspection, EL and electrical insulation. 

[69] an anti-reflective layer, hotspots. 

Tariq et al. [70] 2021 Dust deposition such as Fly ash, cement and Examined the various type of dust concentration 

rice husk. and spectral transmission. 
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Table 2. Types of degradation and their effect and analyzing methodology (continued) 


Authors Year Types of degradation and effects The method used for degradation analysis 

Kherici et al. [71] 2021 Main degradation mechanisms such as Visual inspection, IR camera, I-V_ curve 

output power drop, encapsulation measurement. 
discoloration and corrosion. 

Bolinger et al. [72] 2020 Found 1.3% degradation rate. A fixed-effect statistical regression model was 

used to find the degradation. 

Chanchangi et al.[73] | 2020 Dust formation cause degradation. Various mitigation of cleaning methods is 

described like: 

- Manual cleaning. 

- Natural cleaning like wind, rainfall. 

- Automated cleaning like water, mechanized. 

- Self-cleaning like Superhydrophobic plane, 
super hydrophilic plane, Electrodynamic screen. 

Quansah et al. [74] 2020 Delamination, bubbles, glass breaking, snail - I-V curve tracer. 

tracks, burn marks in the junction box, - Visual inspection. 
yellowing of encapsulation. 

Kumar and Subathra 2019 Effect of solar Irradiance on the module. - The linear square fitting method. 

[75] - Used three machine learning algorithms (linear 
regression, sequential minimal optimization 
regression and random forest estimates). 

Kumar et al. [76] 2019 Weather effect. Linear least square fitting method 

Weather effect on PR. 

Gupta et al. [77] 2019 As aresult of the hailstorm, there are cracks Study of the effect of hailstorm. 

parallel to the busbars, diagonal cracks 
perpendicular to the busbars, and cracks in 
multiple directions. 

Shah et al. [78] 2019 Inter raw spacing and tilt angle. Experimental study. 

Khan et al. [79] 2019 Temperature and humidity. DH stress testing and_ electroluminescence 

scanning technique. 

Luo et al. [80] 2018 Optical transmittance of encapsulation, Analysed electric parameter of the system. 

soiling effect, loss of short circuit current. 

Thotakura et al. [81] 2018 Output Energy affected by ambient By analyzing the output power. 

temperature, solar incidence, manufacturing 
mismatch and ohmic wiring. 

Tanesab et al. [82] 2018 The de-rating factor is dust and its climate- Power degradation analysis. 

dependent. 

Dhoke et al. [83] 2018 Degradation cause of line-line fault and Proposed module degradation factor formula to 

value of string current (I,.) decreased. find the degradation. 

Zhang et al. [84] 2018 It can be used to find the microcracks and Proposed the unmanned aerial vehicle (UAV) 

hotspots and detect suspicious defects. based on thermal imaging & luminescence 
imaging system. 

Subramaniyan et al. 2018 Module temperature, ultraviolet radiation, Physics-based and data-driven modelling such as 

[85] and relative humidity. the Arrhenius model, activation energy (E,), 

Cause of degradation in m-Si module statistical modelling. 
technology 

Quansah and 2018 Early degradation ranged from 21.8% to Time-series regression of both temperature- 

Adaramola [86] 13.8% of initial performance. corrected and uncorrected performance ratio 

measurements. 

Haidar et al. [87] 2018 Temperature affects the performance of the Experimental study. 

PV module. 

Jamil et al. [88] 2017 Dust or soil effects degrade the life of the PV By analyzing the system output power. 

module 

Oprea and Bara [89] 2017 To find the effect on the performance on the Proposed the ANN-based key performance 

module indicator (KPI) analysis method to calculate the 
performance of PV power plants. 

Kumar and Kumar 2017 Temperature, UV light exposure, Degradation and failure modes such as visual 

[90] moisture, humidity, and thermal cycling, inspection: 

cause Degradation. - I-V characteristics 
- Ultrasonic inspection 
- Electroluminescence imaging 
- Infrared imaging 
Laser Beam Induced Current (LBIC) 
Bedrich et al. [91] 2017 A method for the correction of A method for the correction of 
electroluminescence electroluminescence (EL) images. 
(EL) images 

Kim et al. [92] 2015 Hotspots occur due to an increase in the Proposed the string level hotspot detection 

value of capacitance and DC impedance. concept. 

Crozier et al. [93] 2015 Gray-white discoloration, White Electroluminescence and I-V_ characteristics 


discoloration, Mechanical damage 


technique, I-V Curve tracer, PV SIM modelling 
program. 
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Table 2. Types of degradation and their effect and analyzing methodology (continued) 


Authors Year Types of degradation and effects The method used for degradation analysis 
Micheli et al. [94] 2014 — Irradiance and temperature effect on PV Experimental study. 
module. 
Ndiaye et al. [95] 2013 Encapsulant, temperature, humidity, Literature review. 
corrosion, discoloration, delamination, and 
breakage. 
TamizhMani and 2013 All degradation modes like broken cells, Detailed literature review on degradation. 
Kuitche [96] interconnection, and severe corrosion. 


Hotspot, ground faults, solder bond 
failure, broken cells, encapsulant 
delamination, structure failing soiling. 


Sharma and Chandel 2013 The soil on the glass, oxidation of the anti- | Using a sun simulator to measure the characteristics of 


[97] reflective coating, and wave pattern in the module parameters before and after outdoor exposure. 
back sheet. Visual inspection method, IR, I-V curve tracer. 

Crozier et al. [98] 2013 Inactive cell area, Experimental study, (difference of nominal max power 
Microcracks, broken contact finger and measured max power) classification of EL image. 

Mansouri et al. [99] 2012  Microcracks and cell breakage transparent By using EL images with properly adjusted and 

configured condition. 

Munoz et al. [100] 2009 Yellowing, delamination, bubbles, crackin Visual inspection, I-V curve measurement, thermal 

the cells, defects in the antireflective evaluation by IR imaging. 


coating, burned cells. 
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